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The regulation of RNA synthesis by RNA polymerase (RNAP) is
essential for proper gene expression. Crystal structures of RNAP re-
veal two channels: the main channel that contains the downstream
DNA and a secondary channel that leads directly to the catalytic
site. Although nucleoside triphosphates (NTPs) have been seen
only in the catalytic site and the secondary channel in these struc-
tures, several models of transcription elongation, based on bio-
chemical studies, propose that template-dependent binding of
NTPs in the main channel regulates RNA synthesis. These models,
however, remain controversial. We used transient state kinetics
and a mutant of RNAP to investigate the role of the main channel
in regulating nucleotide incorporation. Our data indicate that a NTP
specific for the i þ 2 template position can bind to a noncatalytic
site and increase the rate of RNA synthesis and that the NTP bound
to this site can be shuttled directly into the catalytic site. We also
identify fork loop 2, which lies across from the downstream DNA,
as a functional component of this site. Taken together, our data
support the existence of a noncatalytic template-specific NTP bind-
ing site in the main channel that is involved in the regulation of
nucleotide incorporation. NTP binding to this site could promote
high-fidelity processive synthesis under a variety of environmental
conditions and allow DNA sequence-mediated regulatory signals
to be communicated to the active site.
The central role of RNA polymerase (RNAP) in transcriptionis to catalyze the processive synthesis of the growing RNA
transcript with high-fidelity and at reasonable rates. This process
is regulated both intrinsically, by RNA and DNA sequence ele-
ments, and extrinsically, by nucleotide availability and proteins
that interact with the elongating RNAP (1–10). These interac-
tions modulate the conformations of the RNAP ternary elonga-
tion complexes (RNAP, DNA, and RNA), which, in turn, affect
the rate and fidelity of nucleotide addition and the response of
RNAP to regulatory signals. The rate of nucleotide incorporation
and the recognition of pause and termination signals by RNAP
can be greatly influenced by the sequence of downstream DNA,
as well as by the RNA transcript. Subtle changes in the sequence
of the downstream DNA can result in dramatic changes in the
rates of nucleotide incorporation and the efficiencies of pausing
and termination (3, 10–15). The mechanism(s) by which the
downstream DNA regulates these processes remains a mystery;
however, it has been suggested that nucleoside triphosphates
(NTPs) may interact with the downstream DNA to modulate
nucleotide incorporation (10, 16, 17).
Crystal structures of prokaryotic and eukaryotic RNAPs reveal
two channels: the main channel, which is filled with the down-
stream DNA, and the secondary channel, which is a negatively
charged, funnel-shaped pore that leads from the surface of the
enzyme to the active site. NTPs have been observed bound in
the catalytic site and secondary channel, but not in the main chan-
nel, and there is no obvious path for NTPs to move from the main
channel to the active site (18–23). These observations have led to
the proposal that the secondary channel is the major, and perhaps
only, pathway for NTPs to enter the active site (24–27). Biochem-
ical studies, however, indicate that there may be NTP binding site
(s) located in the main channel of RNAP (10, 16, 17). It has been
suggested that templated NTPs can bind in the main channel
and allosterically enhance the rate of nucleotide incorporation
by facilitating translocation (8, 10, 16, 17, 28). In addition, it
has been proposed that NTPs may be able to enter the catalytic
site via the main channel (8, 10, 16, 17, 29). Currently, however,
there is no clear evidence demonstrating that NTPs can even bind
to RNAP in the main channel, much less be shuttled from the
main channel to the catalytic site, and these proposals remain
highly controversial.
To investigate the role, if any, of the main channel in regulating
nucleotide incorporation, we characterized the kinetics of incor-
poration of multiple nucleotides into a growing RNA transcript
by performing order-of-addition experiments and by quenching
with either EDTA or HCl. Our data indicate that a NTP specific
for the iþ 2 downstream DNA base may modestly increase the
rate of incorporation of the iþ 1NMPand substantially enhances
the sequestration of the iþ 2 nucleotide and the rate of its sub-
sequent incorporation. In addition, our data demonstrate that
NTPs bound to the enzyme prior to the incorporation of the
preceding nucleotide can be shuttled into the catalytic site and
incorporated into the nascent transcript without being released
from the enzyme. Finally, kinetic experiments on a mutant of
RNAP suggest that fork loop 2 may comprise part of this down-
stream NTP binding site, as suggested previously (10, 29).
Results
Using a template in which RNAP is stalled at template position
þ24 (Fig. 1A), we measured the rates of CMP and AMP incor-
poration at template positions þ25 (iþ 1 templated nucleotide)
and þ26 (iþ 2 templated nucleotide), respectively, under two
conditions (Fig. 1A): one in which CTP and ATP were added si-
multaneously and one in which the stalled elongation complexes
(SECs) were preincubated with ATP (iþ 2) prior to initiating the
reaction with the addition of CTP (iþ 1). To determine if RNAP
sequesters NTPs and to further elucidate the rate-limiting steps
of nucleotide incorporation, we used either HCl (denaturing) or
EDTA (nondenaturing) to quench the reactions. HCl denatures
RNAP; therefore, quenching with HCl measures the amount
of product formation (EPþ P) at the time of the quench. In
contrast, EDTA removes Mg2þ complexed with free NTPs in so-
lution, which renders the NTPs inactive for catalysis; therefore,
quenching with EDTA measures the amount of product forma-
tion at the time of quench plus any RNAP∶NTP complexes that
are able to proceed to product formation without dissociation
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of the NTP (ES þ EPþ P) (16, 30, 31). For a single nucleotide
addition, quenching with EDTA has been demonstrated to be
equivalent to pulse-chase experiments in which unlabeled RNAP
elongation complexes are incubated with a radioactively labeled
NTP and then an excess of unlabeled NTP is added (32). Com-
parison of nucleotide incorporation kinetics between these two
quenching agents can be used to reveal if there is an accumulation
of the enzyme-substrate complex (i.e., RNAP:NTP) prior to
phosphodiester bond formation and/or pyrophosphate release
(16, 30, 31, 33). If NTP binding and dissociation are in rapid
equilibrium, there will be no difference in rates when quenched
with EDTA or HCl; however, if the enzyme-substrate complex
accumulates prior to bond formation and/or pyrophosphate re-
lease, there will be an apparent increase in product formation
in the EDTA quench relative to the HCl quench.
Preincubation with the i þ 2 NTP Increases the Rate of i þ 2 Nucleotide
Incorporation. Inspection of the HCl quench data reveals that
preincubating the SECs with 10 μM ATP prior to the addition
of CTP may slightly increase the rate of CMP incorporation at
þ25 at early time points (Fig. 1B, Fig. S1A); however, it drama-
tically increases the rate of AMP incorporation at þ26 (Fig. 1C,
Fig. S1A). For the simultaneous addition of CTP and ATP, the
incorporation of AMP is slow and fits well to a single exponential
(2.4 s−1); whereas, preincubation of the SECs with ATP results in
the rate of AMP incorporation becoming biphasic (Fig. 1C,
Fig. S1A), with the rate of the slow phase being similar to the
rate of AMP incorporation in the absence of preincubation
(3.0 s−1) (Table S1). These results indicate that preincubating
the complexes with the iþ 2 NTP increases the fraction of com-
plexes that can rapidly incorporate the iþ 2 nucleotide and sug-
gest that the iþ 2 NTP (ATP) is binding to RNAP before the
incorporation of the iþ 1 nucleotide (CMP) to facilitate its own
incorporation. To ensure that the observed rate enhancement is
not unique to ATP, we performed the same experiments with
SECs that were stalled at template positionþ26, such that the iþ
1 and iþ 2 positions code for GMP (þ27) and CMP (þ28), re-
spectively (SI Text, Fig. 1A). Similar to the ATP experiments with
RNAP stalled at position þ24, we observe a rapid burst of CMP
(iþ 2) incorporation when the complexes are preincubated with
CTP before the addition of GTP relative to when CTP and GTP
are added simultaneously (Fig. S2A). We also examined the effect
of nonspecific NTPs. Notably, including 1 mM dTTP along with
10 μM ATP during preincubation of SECs at position þ24 does
not significantly alter CMP (iþ 1) incorporation (Fig. S2B) or the
rapid burst of AMP (iþ 2) incorporation (Fig. S1B, Fig. 2C).
Taken together, these data suggest that the enhanced rate of
iþ 2 incorporation upon preincubation with the iþ 2 NTP is
specific for the iþ 2 NTP and not subject to inhibition by a non-
specific NTP competitor.
Preincubation with ATP Leads to Its Rapid Sequestration in the Cata-
lytic Site After CMP Incorporation. To further examine the mechan-
ism of this rate increase, we also characterized the kinetics of
incorporation using an EDTA quench. For CMP incorporation,
the fraction of complexes in the burst phase is significantly higher
when the complexes are quenched with EDTA relative to being
quenched with HCl in both the preincubation and simultaneous
addition experiments (Fig. 2 A and B, Fig. S1 A and C). These
results indicate that there is an accumulation of enzyme-substrate
complex; that is, RNAP sequesters CTP prior to its incorporation.
In addition, the rate of the burst phase in the EDTA quench is
>5 times faster than the rate of incorporation in the HCl quench
(Table S1), which indicates that the rate-limiting step to incor-
poration is after sequestration of CTP into the catalytic site.
Similar results have been seen with RNAPII and T7 DNA poly-
merase (17, 28, 34, 35).
For AMP incorporation, there is only a small difference in the
rates of incorporation between the HCl and EDTA quenches
for the simultaneous addition experiments (Table S1, Fig. S1 A
and C, and Fig. S3), indicating that only a small amount of
ATP is being sequestered prior to its incorporation when CTP
and ATP are added simultaneously. In contrast, for the preincu-
bation experiments, the burst height for AMP incorporation is
twofold greater for the EDTA quench relative to the HCl quench,
but the rates of the burst and slow phases do not change signifi-
cantly with the choice of quencher (Table S1, Fig. 2C). The
increased burst height in the EDTA quench relative to the HCl
quench indicates that preincubating the complexes with ATP
prior to initiating synthesis with CTP results in the sequestration
of ATP on the enzyme prior to AMP incorporation. In addition,
the small difference in the rates of the burst phases under the two
quenching conditions (Table S1) suggests that the rate of bond
formation is similar to, or faster than, the rate of sequestration
and that the difference in burst heights results from rapid bond
formation and reversal followed by slow pyrophosphate release
(33). Consistent with this suggestion, the HCl and EDTA quench
data for the preincubation experiments can be fit by kinetic
simulations using a single fast rate constant of 800 s−1 for the
formation of the tight (i.e., sequestered) RNAP∶ATP complex,
followed by rapid phosphodiester bond formation (600 s−1) and
reversal (700 s−1), and a slow rate (3 s−1) of pyrophosphate re-
lease (Fig. S4 A and B). In this analysis, the difference in the burst
heights between the EDTA and HCl quenches results from
rapid reversible bond formation followed by slow pyrophosphate









































Fig. 1. Preincubation of RNAP with the i þ 2 NTP increases the rate of bond formation for the i þ 2 nucleotide. (A) Schematic of set up for simultaneous and
preincubation experiments. The DNA is orange and nascent RNA is black. The bridge helix (green) separates the catalytic site (i þ 1) from the main channel site
(i þ 2). The i þ 3 nontemplate nucleotide was omitted for clarity and is not meant to imply that the i þ 3 template base is unpaired. (B, C) Plots of the per-
centage of complexes (normalized to CMP) that have incorporated CMP (i þ 1) at template positionþ25 (B) and AMP (i þ 2) at template positionþ26 (C) for the
simultaneous addition (black circles) and preincubation (red triangles) experiments with 100 μM CTP and 10 μM ATP. Reactions were quenched with HCl. Error
bars represent the standard deviation in the data. The curves are the best fits to single or double exponentials as determined by statistical F-test.
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those for DNA polymerase I Klenow fragment (33), and a similar
equilibrium constant for phosphodiester bond formation (Keq ¼
600 s−1∕700 s−1 ¼ 0.86) was found for T7 DNA polymerase (35).
Given that ATP sequestration is partially rate-limiting in the burst
phase of AMP incorporation when RNAP is preincubated with
ATP, it is likely that the incorporation of AMP is partially rate-
limited by pyrophosphate release from the previous incorpora-
tion of CMP (see Discussion).
Finally, to ensure that the observed rate enhancements are
specific under EDTA quenching, we preincubated the SECs
with a nontemplated nucleotide (10 μM GTP) prior to initiating
the reaction with CTP and ATP (Fig. S2D). As predicted, we
observe no significant increase in the burst of AMP (iþ 2) incor-
poration; however, preincubating with 10 μM GTP (iþ 3 nucleo-
tide) slightly increases the rate of the slow phase. Finally,
preincubating with 10 μM ATP and 1 mM GTP does not reduce
the preincubation effect when the reactions are quenched with
EDTA (Fig. S2E). Instead, there is a modest increase in the burst
height of the apparent incorporation of AMP. Because GMP
(þ27) is the next nucleotide to be incorporated after AMP (þ26),
this increase in burst height may be a result of GTP enhancing
the rate of pyrophosphate release after AMP incorporation
(Fig. S2E), similar to the results by Johnson et al. (36).
A Deletion Mutant of Fork Loop 2 Ablates Rapid Nucleotide Incorpora-
tion. Based on structural analysis, we previously proposed that
fork loop 2, which lies across from the downstream template
DNA (Fig. S5) and makes up part of the binding site for the anti-
biotic streptolydigin (37, 38), may comprise part of a templated
NTP binding site (10, 29). Consequently, we generated a mutant
RNAP (Δ-loop RNAP) in which four amino acids (βR542–F545)
of this loop are deleted (Fig. S5) and characterized the kinetics of
nucleotide incorporation using anEDTAquench.Unlikewild type
(wt) RNAP, preincubation of Δ-loop RNAP with ATP does not
cause an increase in the rate of CMP (iþ 1) or AMP (iþ 2) incor-
poration. Instead, deletion of these residues results in a decrease
of the apparent rates of CMPandAMP incorporation for both the
simultaneous addition (Fig. 2A, Fig. S3) and preincubation experi-
ments (Fig. 2 B and C). These results bolster the proposal that
fork loop 2 comprises part of a noncatalytic binding site that binds
NTPs in a template-dependent manner. It should be noted, how-
ever, that our data cannot distinguish between direct binding of
NTPs to fork loop 2 vs. NTPs binding elsewhere on the enzyme
and fork loop 2 acting as a functional component.
Further inspection of the data for the preincubation experi-
ments reveals that wtRNAP exhibits biphasic kinetics of AMP
incorporation (Fig. 2C). Interestingly, for Δ-loop RNAP, the fast
phase is eliminated for AMP incorporation in both the preincu-
bation and simultaneous addition experiments, but the rate of
the slow phase (∼1 s−1 for both simultaneous and preincubation)
is unaffected (Fig. 2C, Fig. S3, Table S1), suggesting that the
slower rate of incorporation is independent of fork loop 2. These
results support the existence of at least two pathways for nucleo-
tide incorporation: one that involves fork loop 2 and one that
does not. These findings are also consistent with our previous
suggestion that fork loop 2 may be part of an allosteric NTP bind-
ing site and that nucleotide incorporation follows a nonessential
activation mechanism (10, 29, 39).
NTPs Bound in the Noncatalytic Site Can Be Shuttled Directly into the
Catalytic Site.The increased rate of iþ 2 nucleotide (AMP) incor-
poration upon preincubation may result from the iþ 2 NTP
acting allosterically to open the catalytic site, with a second NTP
binding to the catalytic site via the secondary channel and/or
from the rapid shuttling of the iþ 2 NTP from the noncatalytic
site into the catalytic site (8, 10, 16, 17, 29). Comparison of the
HCl quench data for CMP (iþ 1) incorporation to the EDTA
quench data for AMP (iþ 2) incorporation can shed light on
these possibilities. Notably, the apparent incorporation of AMP
in the EDTA experiments (ATP sequestration and AMP bond
formation) shows a faster rate than CMP incorporation in the
HCl experiments (i.e., CMP bond formation). Inspection of
Fig. 3A shows that at 2 ms, only ∼12% of the complexes have
incorporated CMP with the HCl quench; whereas, the apparent
extent of AMP incorporation is ∼40% with the EDTA quench
(Fig. 3A, Fig. S2F). Because the HCl quench measures the extent
of nucleotide incorporation, while the EDTA quench measures
extent of incorporation and the extent to which sequestered
NTPs can be incorporated before dissociating from the enzyme
(30, 31, 33), these results indicate that AMP incorporation occurs
after the addition of EDTA and demonstrate that ATP∶Mg2þ is
sequestered on RNAP and committed to bond formation prior
to incorporation of CMP. Taken together, the EDTA and HCl
quench data show that RNAP can simultaneously sequester
CTP∶Mg2þ and ATP∶Mg2þ prior to incorporation of CMP.
Consequently, ATP must be sequestered in a noncatalytic site and
then shuttled into the catalytic site, without being released from
the enzyme, after CMP incorporation and pyrophosphate release.
Importantly, while these results show that ATP can be shuttled
from the noncatalytic site to the catalytic site, they do not yield
the rate at which ATP is shuttled because incorporation of the
sequestered ATP occurs after the EDTA quench.
Our data (Fig. 3A, Fig. S2F) support models of nucleotide
addition that suggest that NTPs can bind into a site in main chan-




























































Fig. 2. Comparison of nucleotide incorporation for wtRNAP quenched with HCl or EDTA and Δ-loop RNAP quenched with EDTA. Plots of the percentages
of complexes (normalized) that have incorporated CMP (i þ 1) at template positionþ25 and AMP at template positionþ26 for wt and Δ-loop RNAP are shown.
(A) CMP incorporation for the simultaneous addition experiments (100 μM CTP and 10 μM ATP) by wtRNAP quenched with HCl (black circles) or EDTA (blue
squares) and Δ-loop RNAP quenched with EDTA (purple wedges). (B, C) CMP (B) and AMP (C) incorporation for the preincubation experiments (10 μMATP prior
to the addition of 100 μMCTP) by wtRNAP quenched with HCl (cyan diamonds) or EDTA (red triangles) andΔ-loop RNAP quenched with EDTA (purple wedges).
Note that the scale for the x-axis in C is 0.2 s compared to 0.1 s for A and B. Error bars represent the standard deviation in the data. The curves are the best fits to
single or double exponentials as determined by statistical F-test.








nel and subsequently be loaded into the catalytic site (10, 16, 29,
40). To further test this idea, we performed experiments in which
unlabeled SECs were preincubated with 10 μM [α-32P]-ATP
prior to initiating the reaction with unlabeled ATP and CTP, and
then measured the extent of [32P]-AMP incorporation into the
transcript as a function of the concentration of unlabeled ATP
(Fig. S6, right branch). To account for the incorporation of
[32P]-AMP into the transcript that results from [α-32P]-ATP in
bulk solution, the same experiment was performed with the si-
multaneous addition of CTP, 10 μM [α-32P]-ATP, and the corres-
ponding concentration of unlabeled ATP (Fig. S6, left branch).
The simultaneous addition of labeled and unlabeled ATP results
in the predicted reduction of [32P]-AMP incorporation as a func-
tion of the dilution factor ð½32P-ATP∕ð½32P-ATPþ unlabeled
ATPÞÞ. In contrast, complexes preincubated with 10 μM [α-32P]-
ATP prior to the addition of unlabeled CTP and ATP incorporate
a significantly higher amount of [32P]-AMP than would be pre-
dicted by dilution alone (Fig. 3 B and C), further supporting the
conclusion that ATP can bind to a noncatalytic binding site and
then be shuttled into the catalytic site and incorporated
without being released from the enzyme. The extent of labeling,
however, is less than the amount of ATP that appears to be se-
questered in a noncatalytic site prior to CMP incorporation
(∼30%) and then shuttled into the catalytic site, based on the
EDTA experiments (Fig. 3A, Fig. S2F). Furthermore, because
the EDTA and HCl experiments indicate that ATP is sequestered
in the noncatalytic site (i.e., ATP dissociates slowly from the
noncatalytic site), it is unlikely that the lower extent of labeling
than expected could be due to exchange of unlabeled ATP with
the labeled ATP in the noncatalytic site. Taken together, these
observations suggest that shuttling is not the only pathway for
NTPs to enter the catalytic site (i.e., NTPs can enter the catalytic
site without first binding to the noncatalytic site) and that binding
of a templated NTP to the noncatalytic site can allosterically
facilitate nucleotide incorporation, with a second NTP subse-
quently binding into the catalytic site. These conclusions are con-
sistent with our previous observation showing that incubation
of SECs with a high concentration of the nonincorporatable ATP
analog AMPCPP significantly increases the rate of incorporation
of AMP at the iþ 2 position (39).
Discussion
Several models have been proposed for nucleotide binding
and incorporation by RNAP. These models fit into two classes:
simple Brownian ratchet models, in which RNAP is in an equili-
brium between the pre- and posttranslocated states and a single
NTP binds to the catalytic site in the posttranslocated state via
the secondary channel (5, 41–43), and NTP-facilitated incorpora-
tion models, in which there is a second NTP binding site where
templated NTPs bind and facilitate catalytic site opening, pyro-
phosphate release, and/or translocation (8, 10, 16, 17, 28, 39).
Two recent reviews present evidence that indicates that a simple
Brownian ratchet is insufficient to explain the mechanism of
nucleotide incorporation catalyzed by RNAP. These reviews put
forth similar NTP-facilitated incorporation models (8, 29). Both
models include the binding of a templated NTP in a noncatalytic
binding site in the main channel, and both suggest that the NTP
bound in this site may be shuttled directly into the catalytic site;
however, until now, there was no clear evidence that two NTPs
could simultaneously bind RNAP or that a NTP could bind in a
noncatalytic site and be shuttled to the catalytic site.
Binding of the i þ 2 NTP Likely Facilitates Pyrophosphate Release from
Incorporation of the i þ 1 NMP. As discussed above, comparison of
the EDTA and HCl quench data for AMP incorporation when
ATP (iþ 2) is preincubated indicates that a step at, or before,
NTP sequestration is partially rate-limiting for the fast phase.
This observation suggests that pyrophosphate release from the
previous incorporation of CMP (iþ 1) may be rate-limiting and
that binding of ATP to the noncatalytic site may facilitate pyro-
phosphate release. Given that pyrophosphate must be released
after the incorporation of CMP (iþ 1) before ATP can bind
to the catalytic site, our results suggest that iþ 2 NTP can bind
to an noncatatytic binding site on RNAP prior to the incorpora-
tion of the iþ 1 nucleotide and facilitate the release of pyropho-
sphate and opening of the catalytic site, thus allowing the iþ 2
nucleotide to rapidly enter the catalytic site. This suggestion is
supported by studies on Escherichia coli RNAP that demon-
strated that the presence of 1 mM of the iþ 2 NTP (but not non-
specific NTPs) increases the rate of pyrophosphate release from
the iþ 1 incorporation event by 200-fold (from a rate of ∼3 s−1
in the absence of the iþ 2NTP to ∼600 s−1 in the presence of the
iþ 2 NTP) (36). Notably, the rates of AMP incorporation in our
HCl quench experiments (Table S1) are similar to the unassisted
and NTP-assisted rates of pyrophosphate release observed by
Johnson et al., suggesting that pyrophosphate release may be a
rate-limiting step to nucleotide incorporation during processive
synthesis (16, 36). Notably, enhancement of pyrophosphate re-
lease by the iþ 2 NTP could also explain the modest increase in
the rate of CMP (iþ 1) incorporation when ATP is preincubated


























Fig. 3. Direct shuttling of the ATP bound in the main channel into the
catalytic site upon preincubation of ATP. (A) Comparison of CMP incorpora-
tion (100 μM) quenched with HCl (red triangles) to the percent of complexes
that have apparently incorporated AMP (10 μM) when quenched with EDTA
(cyan diamonds). Data are replotted from Figs. 1B and 2C. (B) Extents of
[32P]-AMP incorporation. The representative gels show the amount of
labeled transcript at position þ26 as a function of the dilution factor
ð½32P-ATP∕ð½α-32P-ATPþ ATPÞÞ. The bar graph shows the amount of [32P]-
AMP incorporation normalized to the zero-fold dilution sample. Solid bars
represent the simultaneous addition of CTP and ATP and crosshatched bars
represent preincubation of complexes with 10 μM [α-32P]-ATP prior to initi-
ating the reaction with CTP and unlabeled ATP. (C) The bar graph shows the
ratio of the observed amount of radioactivity at position þ26 relative to
the expected amount of radioactivity at þ26 based on the dilution factor.
The line shows the expected value of the ratio (i) if there is no shuttling
of [α-32P]-ATP from noncatalytic site to the catalytic site. The identity of
each bar is the same as in (B). Error bars represent the standard deviation
in the data. ND means “Not Detected”. NA means “Not Applicable.”
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The Pretranslocated State of RNAP May Represent the Fast State. It
has been generally accepted that the posttranslocated state with
the catalytic site accessible via the secondary channel was respon-
sible for the rapid incorporation by RNAP; however, recent obser-
vations that two fidelity mutants of yeast RNAP II (rpb1-E1103A
and rpb9-Δ) exhibit increased rates of nucleotide incorporation
(both correct and incorrect), even though they are shifted to
the pretranslocated state relative to wtRNAP, have brought this
idea into question (8, 29, 34, 44). After incorporation of a termi-
nating nucleotide, these RNAP mutants shift heavily towards the
pretranslocated state, but incubation of the complexes with the
next templated nucleotide shifts the complexes towards the post-
translocated state. This observation has been interpreted as RNAP
being in an equilibrium between the pre- and posttranslocated
states and binding of the templated NTP to the catalytic site in the
posttranslocated state acting as a pawl (5, 34, 44), which it likely
does. This suggestion, however, does not account for the observa-
tion that these mutant RNAPs are shifted to the pretranslocated
state relative to wtRNAP but incorporate nucleotides more rapidly
than wtRNAP. Our observation that occupancy of the iþ 2NTP in
the noncatalytic site when RNAP is in the pretranslocated state
increases iþ 2 NMP incorporation suggest a possible alternative
explanation for this effect. The next incoming NTPmay bind to the
template-dependent noncatalytic site when RNAP is in the pre-
translocated state and facilitate the transition into the posttranslo-
cated state (10). Our data, together with the data on these fidelity
mutants, suggest that rapid nucleotide incorporation may result
from binding of the next templated NTP to the noncatalytic site
when RNAP is in the pretranslocated state followed either by a
second NTP binding into the catalytic site or shuttling of the NTP
from the noncatalytic to the catalytic site, and that the posttran-
slocated (or pretranslocated) state with the noncatalytic site unoc-
cupied may be responsible for the slow phase.
Models of Transcription Elongation. We recently proposed a facili-
tated Brownian ratchet model for nucleotide incorporation in
which there are three possible pathways to nucleotide incorpora-
tion: a nonallosteric path, an allosteric path, and a shuttle path
(29). In the nonallosteric pathway, the noncatalytic site is not
utilized, and NTPs enter the catalytic site directly when RNAP
is in the posttranslocated state, probably via the secondary chan-
nel. We suggest that this path corresponds to the slow phase of
the biphasic kinetics of incorporation, as well as incorporation by
the Δ-loop RNAP mutant. Two plausible structural explanations
for slow incorporation on the nonallosteric path are that in the
absence of a NTP bound in the noncatalytic site, (i) pyropho-
sphate release and/or trigger loop opening may be slow, blocking
entry of the next NTP into the catalytic site, or (ii) closing of the
trigger loop may be slow resulting in slow incorporation. Such sce-
narios may come into play when complexes are stalled or paused.
In both the shuttle and allosteric pathways, we have proposed
that a templated NTP binds to a site in the main channel and
facilitates pyrophosphate release and/or opening of the catalytic
site after the previous incorporation event and may facilitate se-
questration of the NTP into the catalytic (29). As discussed
above, our EDTA and HCl quench data are consistent with
NTP binding in the noncatalytic site facilitating pyrophosphate
release and NTP sequestration, as well as shuttling of NTPs.
In addition, our current and previous data (39) suggest that a sec-
ond NTP can bind into the catalytic site after one binds in the
noncatalytic site. Notably our data do not unequivocally locate
the noncatalytic site in the main channel; however, our data, as
well as those of previous studies showing effects of the iþ 2 NTP
on nucleotide incorporation, strongly support the suggestion that
the noncatalytic site is in the main channel (10, 16, 28, 45). First,
in all of the published crystal structures of RNAP elongation
complexes, the iþ 2 template base is located in the main channel
(18–23, 43, 46). Second, our observation that the noncatalytic
site can be occupied by the iþ 2 NTP during incorporation of
the iþ 1 NTP makes it highly unlikely that the noncatalytic site
could be located in the secondary channel, because the trigger
loop, which is believed to accompany catalysis (47, 48), blocks
the secondary channel upon closing. Third, we identify fork loop
2, which lies across from the downstream DNA, as a functional
component of this allosteric site.
For the shuttle pathway, there appear to be two possible routes
by which NTPs could move from the main channel to the catalytic
site (29): over the top of the bridge helix along with the template,
as proposed by Burton and coworkers (16), or under the bridge
helix via the trigger loop as it closes. It has been suggested that
the allosteric pathway could be explained without a noncatalytic
site by template misalignment such that the iþ 2 template base
transiently occupies the catalytic site with the iþ 1 nucleotide
flipped out (49, 50). This suggestion was based on the observation
that the iþ 2 nucleotide was preferentially misincorporated in
RNAP complexes containing only a primer and template. If such
a mechanism were occurring in our studies, we would expect to see
significant misincorporation of AMP for CMP in the preincuba-
tion experiments; however, we do not see any misincorporation
of AMP (iþ 2) for CMP (iþ 1) in these studies or in our studies
of misincorporation, even at concentrations as high as 1 mM ATP
(9). In addition, Burton and coworkers found that high concentra-
tions of the iþ 2NTP reduces misincorporation at iþ 1 for RNAP
II, which is in direct contradiction to the predictions of the mis-
alignment model (16). Notably, even in the studies on which the
misalignment model is based, very little misincorporation of the
iþ 2 nucleotide was observed when the RNAP complexes were
assembled with a nontemplate strand as well as the primer and
template (49). Taken together, these results argue strongly against
template misalignment as an explanation for the allosteric effect. It
has also been suggested that binding of NTPs into the “E site,”
which is in the secondary channel and overlaps with the catalytic
site, could shift the equilibrium between pre- and posttranslocated
states to the posttranslocated state and thereby enhance incor-
poration (51). Given that NTPs in the E site do not interact with
the template base, binding of NTPs to the E site cannot explain
our data or any of the previous data showing template-dependent
effects of NTPs on the enhancement of nucleotide incorporation.
Finally, neither of these models could account for having two tem-
plated NTPs bound to RNAP simultaneously.
The overall role that this noncatalytic binding site plays in elon-
gation remains unknown. The affinity of NTPs for the noncatalytic
site or whether the site is utilized likely depends on sequence-
dependent conformations of SECs. The noncatalytic site poten-
tially could be involved in pause site recognition and escape, as
well as in transcription fidelity. Consistent with a role in pausing,
pausing efficiencies are increased at low NTP concentrations (14,
52), where ternary complexes might be more susceptible to regu-
latory signals due to low occupancy of the templated NTP in the
noncatalytic site (7). Interestingly, the efficiency of pausing can be
highly dependent on the identity of the nucleotide at the iþ 2 po-
sition after the site of RNAP pausing (15). In addition, the rate of
escape from a his pause site exhibits a nonhyperbolic NTP concen-
tration-dependence (48), consistent with two NTPs being involved
in pause escape, and it was suggested that movement of βD-loopII,
which forms the “top” of the catalytic site, leads to movements in
fork loop 2 via an allosteric mechanism during pausing (48). The
presence of a secondary NTP binding site also may permit RNAP
to maintain high-fidelity processive synthesis under a variety of
environmental conditions while still being able to respond to reg-
ulatory signals. For example, shuttling of NTPs may provide a dou-
ble check on nucleotide identity: checking once in the main
channel and again in the catalytic site (16, 17), which could signif-
icantly increase transcriptional fidelity under nonoptimal condi-
tions, such as an imbalance of NTP pools. Taken together, our








data suggest that the noncatalytic site may serve as a template-
dependent sensor of NTPs to regulate transcription elongation.
Materials and Methods
Enzyme and Templates. wt his6-tagged RNAP was purified from E. coli strain
RL916 (gift of R. Landick) using the protocol described previously (53, 54). The
DE13-A27g template DNA was prepared as previously described (10).
Transcription Elongation Experiments. The formation and purification of SECs
is described in the SI Text and elsewhere (10, 39). Presteady-state kinetic ex-
periments were conducted on a RQF-3 rapid quench device (Kintek Corpora-
tion). All NTP concentrations are reported as final working concentrations.
Data Quantification and Normalization. The quantification of the radioactivity
at each position was performed as previously described (10, 39). To compare
different datasets, the data were normalized based on the highest percen-
tage of complexes that incorporated to position þ25 (CMP) and longer, as
described in detail previously (39). Briefly, the percentage of complexes that
reached positions þ25 (CMP) and þ26 (AMP) were divided by the highest
percentage of complexes that reached þ25, thereby normalizing CMP incor-
poration to 100% and AMP incorporation to the extent of CMP incorpora-
tion. Data for the EDTA experiments are the average of three or four
experiments. The HCl experiments are averages of two trails for each condi-
tion. The data for the NTP loading experiments were quantified by dividing
the amount of radioactivity at transcript position þ26 in each gel lane by
the amount of radioactivity in the 0-fold dilution reaction. The reported data
are the average of three trials. For more detailed information on the meth-
ods used, see SI Text.
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